A new class of cold shock-induced proteins that may be involved in an adaptive process required for cell viability at low temperatures or may function as antifreeze proteins in Escherichia coli and Saccharomyces cerevisiae has been identified. We purified a small BaciUus subtilis cold shock protein (CspB) and determined its amino-terminal sequence. By using mixed degenerate oligonucleotides, the corresponding gene (cspB) (5, 21, 25, 27, 36, 40) .
compensated for when cells were preincubated at 10°C before freezing. These results indicate that CspB belongs to a new type of stress-inducible proteins that might be able to protect B. subtilis cells from damage caused by ice crystal formation during freezing.
The well-characterized heat shock response appears to be universal among prokaryotes and eukaryotes. All organisms examined produce a specific subset of proteins in response to elevated temperatures as well as to a variety of other stress factors such as anoxia, ethanol, or heavy metal ions (5, 21, 25, 27, 36, 40) .
Escherichia coli exhibits, besides the induction of 17 heat shock proteins when cell cultures are transferred from 30°C to 42°C, a response to cold temperatures. E. coli cell cultures shifted from 37°C to 10°C showed the induction of 13 non-heat shock proteins (1, 11, (15) (16) (17) . Some of them are known proteins and were identified as NusA, RecA, dihydrolipoamide acetyltransferase subunit of pyruvate dehydrogenase, polynucleotide phosphorylase, pyruvate dehydrogenase (lipoamide), initiation factors 2a and 2,, and the recently identified proteins CS7.4 and H-NS. CS7.4, the major cold shock protein, is a hydrophilic protein with a molecular mass of 7,402 Da. All of these proteins belong to the E. coli cold shock regulon, whose expression is initiated during the lag phase that follows the temperature downshift. Although the gene for the major cold shock protein of E. coli has been cloned and sequenced, no direct function could be assigned because its interruption was not carried out. The most compelling hypothesis is that CS7.4 (encoded by cspA) protects cells from damage caused by growth of large ice crystals during freezing (11, 16) . Furthermore, a DNA binding property has been proposed for CS7.4 because of its strong similarity to conserved regions of eukaryotic DNA binding proteins (39) . Indeed, the major cold shock protein of E. coli recently was found to act as a cold shock transcriptional enhancer that specifically recognizes and binds to the promoter region of the hns gene controlling the expression of the nucleoid protein H-NS (20) .
Species of the gram-positive genus Bacillus grow over a wide range of temperatures and show a heat shock response (25, 36) . In this study, we report the identification of a Bacillus subtilis cold shock-inducible gene (cspB) that is rapidly induced upon shift from 37°C to 10°C. The gene encoding CspB, a protein quite similar to the E. coli cold shock protein CS7.4, was cloned, sequenced, and characterized. As an initial step toward understanding the physiological role of the B. subtilis cold shock protein, we interrupted the cspB gene and examined cell viability at freezing temperatures in the resulting strain.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. Bacterial strains and plasmids are listed in Table 1 . 2xYT and NZCYM media and SM buffer were described by Short et al. (35) .
Purification and sequencing of the cold shock protein (CspB) from B. subtilis. B. subtilis cold shock protein was copurified with B. subtilis peptidyl-prolyl cis-trans isomerase cyclophilin (12a) , and the amino-terminal sequence of purified CspB was determined.
Construction of mixed degenerate oligonucleotides. The DNA sequence of the oligonucleotides used for identification of the cold shock gene is based on the N-terminal amino acid sequence of purified CspB protein (see below). Nucleotides placed in parentheses indicate the bases used in degenerated positions. One 23-mer, 5'-GAAGG(AC)AAAGTTAAATG GTT(TC)AA-3' (oligol), matches the N-terminal CspB sequence from amino acid residues 3 through 10; the other oligomer, a 38-oligonucleotide sequence, 5'-GAAAAAG G(AC)TT(TC)GG(AC)TT(TC)ATTGAAGTTGAAGGACA (AG)GA-3' (oligo2), represents amino acid residues 12 through 24. All oligonucleotides were purchased from M. Krause, Institut fur Molekularbiologie und Tumorforschung, Marburg, Germany.
Hybridization conditions of oligonucleotides and random primed DNA fragments. Nitrocellulose filters and nylon transfer membranes were prehybridized in 5 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol) N-lauroylsarcosine sodium salt-0.02% (wtlvol) sodium dodecyl sulfate (SDS)-1% (wt/vol) blocking reagent (Boehringer Mannheim) for 1 h at 65°C. Oligonucleotides were end labeled with [_y-3_P]dATP, and DNA fragments were labeled with the Multiprime DNA labeling system (Amersham) with [a-32P]dCTP. The probe was added to the prehybridization mix and hybridized for 5 h at either 42°C (for hybridization with oligonucleotides) or 65°C (DNA fragments). Southern blots and plaque and colony transfer membranes hybridized with oligonucleotides were washed twice with 6x SSC for 5 min each at different temperatures ranging from 42 to 80°C. Membranes hybridized with random-primed DNA fragments were subjected to two more stringent washes: one in 2x SSC-0.5% SDS for 5 min at room temperature and one in 2x SSC-0.1% SDS for 15 min at 65°C. Filters were exposed to Kodak X-Omat film.
Identification of recombinant DNA in the B. subtilis library. The construction and amplification of the B. subtilis genomic library in Lambda Zap II was described previously (24) . Phages were transferred to nylon membranes, and phage DNA was fixed by standard procedures (33) . Methods of hybridization and wash conditions were as described above. Positive plaques were isolated from the agar plate and transferred to 500 ,ul of SM buffer containing 20 ,ul of chloroform. Colonies that appeared after in vivo excision of recombinant phagemids were transferred to nylon membranes and denatured by standard procedures (33) . Methods of hybridization and wash conditions were as described above.
DNA sequencing. Nucleotide sequence analysis was carried out by the dideoxy-chain termination method of Sanger et al. (33a) with a T7 sequencing kit (Pharmacia). To determine the nucleotide sequences of double-stranded or singlestranded DNA prepared from recombinant plasmids, oligol, oligo2, the T7 sequencing primer (Promega), the reverse M13 primer (GIBCO BRL), and the following oligonucleotides were used: pexl, 5'-TCGATGAATCCGAAACC-3' (nucleotide positions 308 through 324), mutl 5'-TCTJlCTAA AG(TIlGAAGCCT-3' (nucleotide positions 376 through 397; the position of the mismatch is underlined), and mut2 5'-GCGATCATAAAGC`1TAAATTC-3' (nucleotide positions 231 through 252; the position of the mismatch is underlined). All nucleotide positions refer to those shown in Fig. 3 .
Induction experiments, RNA preparation, and Northern RNA blots. B. subtilis was cultured in 2xYT medium at 37°C with a cell density up to 0.3 to 0.5 optical density (at 600 nm) unit and then shifted either to 10°C for an additional 2 h (cold shock) or to 48°C for an additional 30 min (heat shock).
Total cellular RNA was prepared by the procedure of Penn et al. (30) as modified by Igo and Losick (14) ; 100-ml cell cultures were collected before and after the temperature shift. RNA pellets were suspended in 100 ,ul of diethylpyrocarbonate-treated water. The RNAs were subjected to electrophoresis in a formaldehyde-agarose gel, transferred to a nitrocellulose membrane, and hybridized with a radiolabeled SalI-PstI cspB fragment. The transfer of RNA from the formamide gel to a nitrocellulose membrane was performed VOL. 174, 1992 by the method of Igo and Losick (14) . The induction rate of cspB transcript was calculated by laser densitometric measurement of the cspB mRNA signals visualized by hybridization and subsequent autoradiography of corresponding Northern blots.
Mapping of the 5' terminus of cspB mRNA. Primer extension was carried out with the synthetic 17-mer oligonucleotide pexl, in which the sequence is complementary to that located between nucleotides 308 and 324. RNA prepared from cold-shocked cells and cells grown at the temperature optimum (37°C) was hybridized with an excess of the singlestranded DNA primer reverse transcriptase; nucleotides dATP, dGTP, dTTP, and radiolabeled [a-32P]dCT7P were used with the cDNA Synthesis Kit Plus (Amersham) to extend this primer. The resulting cDNA was subjected to the electrophoresis in a 6% polyacrylamide-7 M urea gel alongside nucleotide sequencing ladders generated with the same primer.
Strain construction to interrupt the chromosomal copy of the cspB gene. Plasmid pCSPB3 containing the cspB gene under control of the bacteriophage T7 promoter was constructed by cloning the 454-bp HincII fragment from plasmid pCSPB2 into the HincII site of phagemid pBluescriptll SK-. Subsequent digestion with ClaI and EcoRV and then ligation led to the deletion of the HindIII recognition site within the polylinker. Oligonucleotide-directed mutagenesis was performed with the oligonucleotide-directed in vitro mutagenesis system, version 2 (Amersham) as recommended by the supplier. Oligonucleotide mutl was used to produce a 1-bp substitution in nucleotide position 386 (see Fig. 3 ) to create a HindIII recognition site within the cspB gene. The resulting plasmid pCSPB3H was linearized with HindIII. The cat gene localized on a 1.3-kb EcoRI fragment of pZA327 (42) was isolated. To ligate blund-ended fragments, dATP, dCTP, dGTP, and dTTP were filled into the HindIII sites, and dATP and dTTP' were filled into the EcoRI sites. After ligation, the cspB::cat plasmid (pCSPBHcat) was amplified in competent E. coli JM105 cells (28) . About 2 ,ug of ScaI-linearized pCSPBHcat was used to transform competent cells of B. subtilis JH642 (12) . Transformants were selected on 2xYT plates containing 5 pg of chloramphenicol per ml.
Analysis of thermotolerance. Cells were grown in 2xYT medium at 37°C to a cell density up to 0.3 to 0.5 optical density (at 600 nm) unit. Cultures were divided into two portions; one portion was immediately frozen to -80°C, and a second portion was preincubated for additional 2 h at 10°C before it was frozen to -80°C. Samples of cells were thawed after storage at -80°C for 24 h, serial dilutions were made in 2xYT medium, and aliquots were plated immediately on 2xYT plates. Viability was scored after incubation at 37°C for 24 h. The number of viable cells in the same cultures was determined as the total number of CFU (before freezing to -80°C) on 2xYT plates after incubation at 37°C for 24 h.
Construction of B. subtilis cspB-lacZ fusion strains. Plasmid pCSPB4 containing the cspB gene with 504 bp of its upstream region was constructed by cloning a 733-bp PstI fragment from plasmid pCSPB1 into the PstI site of phagemid pBluescriptII SK-. Oligonucleotide mut2 was used to produce a 1-bp substitution in nucleotide position 242 (see Fig. 3 ) to create a HindIII recognition site 30 nucleotides preceding the cspB gene. The resulting plasmid, pCSPB4H, was digested with EcoRI and HindIll; a 474-bp cspB promoter fragment was isolated and then ligated to EcoRIHindIII-digested plasmid pTKlac (18) . The resulting cspB promoter-lacZ fusion plasmid, pTKlac-PcSPB, was amplified in competent E. coli JM105 cells. The cspB promoter was sequenced again at this step to ensure that the proper construction was made. About 2 ,ug of this plasmid was linearized with ScaI and used to transform competent B.
subtilis ZB493 cells (23) to chloramphenicol resistance. The SP,3 cspB-lacZ phage, generated by heat induction as described previously (43) , was then used to lysogenize B. subtilis JH642. Transductants were selected on 2xYT plates containing 5 ,ug of chloramphenicol per ml and 80 ,ug of 5-bromo-4-chloro-3-indolyl-IB-D-galactopyranoside (X-Gal) per ml. To integrate the cspB-lacZ fusion in the chromosomal cspB promoter region, 0.5 ,ug of pTKlac-Pcs Bwas used to transform competent cells of B. subtilisAH642.
Transformants were selected on 2xYT plates containing 5 p,g of chloramphenicol per ml and 80 ,ug of X-Gal per ml.
P-Galactosidase synthesis in B. subtilits cspB-lacZ fusion strains. Cells containing the integrated cspB-lacZ fusion were grown at 37°C in 2xYT medium containing 5 Computer analysis of sequence data. For sequence data manipulation, the programs of Conrad and Mount (3a) and MULTALIN (4) were used. On GUNIUSnet in the DKFZHeidelberg, the programs FASTA (22) and TREE (10) (31) was used to make two mixed degenerate oligonucleotide probes to match the N-terminal sequence:
where M is A or C, Y is T or C, and R is A or G.
To verify the specifities of the constructed oligonucleotides, the end-labeled probes were Chromosomal DNA cleaved with the restriction enzymes PstI, HindIII, and EcoRI revealed in the corresponding Southern blot the presence of one major band in each digest when hybridized with oligo2 and washed twice for 5 min each in 6 x SSC at 65°C (Fig. 1) . The oligonucleotide recognized one band of about 0.73 kb in the PstI digest, one band of about 7.5 kb in the HindIII digest, and one fragment of about 2.4 kb in the EcoRI digest. Since oligo2 showed more specifity for cspB than did oligol, only oligo2 was used in the following hybridization experiments.
Cloning and sequencing of the cspB gene. After the B. subtilis JH642 Lambda Zap II library was amplified in E. coli XL-1 Blue cells, plaques were transferred to nylon membranes and hybridized with oligo2. Two positive plaques were identified and purified by reinfection of fresh E. coli cells. The purified phage clones were subjected to in vivo excision, and the resulting colonies were grown on 2xYT plates containing 50 ,ug of ampicillin per ml and then tested by colony hybridization with oligo2. Two plasmids containing 5-and 6-kb DNA inserts (pCSPB1 and pCSPB2, respectively) were identified. In plasmid pCSPB1, the cspB gene was assigned to a 730-bp PstI fragment (Fig. 2) .
The sequence of cspB and its vicinity were determined by using synthetic oligonucleotides oligol, oligo2, pexl, mutl, and mut2. The following subclones were constructed to allow sequencing of both strands with the T7 sequencing primer and the reverse M13 primer. Plasmid pCSPB3 was constructed by isolating a 454-bp HincII DNA fragment derived from plasmid pCSPB2 and subsequent cloning into the HincII site of plasmid pBluescriptII SK-. pCSPB3 contains the cspB gene under control of the bacteriophage T7 promoter and was used for overexpression of the CspB protein as described elsewhere (29) . A 733-bp PstI DNA fragment derived from plasmid pCSPB1 was subcloned into the PstI site of plasmid pBluescriptII SK-, resulting in plasmid pCSPB4 (data not shown). The DNA sequence revealed that the cspB gene is 201 bp in length and encodes a protein of 67 amino acid residues with a molecular mass of 7,365 Da and a calculated pI of 4.31 (Fig. 3) . A strong potential ribosome binding site (AGGAGGA) is located 6 nucleotides upstream of the initiation codon AUG. The cspB open reading frame ends with two stop codons followed by two hairpin loop structures similar to rho-independent terminators. The deduced amino-terminal sequence of the cspB gene was found to be identical to the amino-terminal sequence of purified CspB protein. Sequence comparisons with EMBL data base with the programs FASTA and TREE of the HUSAR package revealed 61% identity to the major cold shock protein of E. coli and 43% identity to conserved regions of eukaryotic DNA binding transcription factors. Furthermore, 46% identity with a glycine-rich protein from Arabidopsis thaliana (atGRP-2) was found (Fig. 4) .
Transcriptional mapping of the cspB gene. To examine the level and size of the cspB transcript under various temperature shift conditions, Northern blot analysis and primer extension experiments were carried out. Northern blot analysis of total cellular RNA prepared from cells grown at 37°C until the culture reached a cell density up to 0.3 to 0.5 optical density (at 600 nm) unit and from cells shifted at this timc to 10°C for additional 2 h indicated the presence of one transcript with an approximate length of about 0.38 kb (Fig. 5) . The cspB transcript, also present at 37°C, was induced about 20-fold when cells were subjected to cold shock (Fig. 5) , but no transcript could be detected after heat shock (data not shown). We want to point out that B. subtilis does not enter a 4-h lag phase after a temperature shift to 10°C like E. coli does, but growth is slowed to a generation time of more than 24 h. As an internal control for the specific induction of the cspB transcript under cold shock conditions, the same nitrocellulose filter was washed with 0.1x SSC-0.5% SDS for 3 h at 85°C to remove all radiolabeled cspB DNA and rehybridized with radiolabeled DNA from hbs, a gene that codes for the essential HBsu protein of B. subtilis. In this case no difference in the intensity of the corresponding mRNA signals was observed (data not shown). Figure 6 shows the result of primer extension experiments designed to map the 5' terminus of the cspB mRNA. 
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Xenopus laevis with linearized plasmid pCSPB3Hcat resulted in the interruption of the chromosomal copy of the cspB gene by a double-crossover recombination event (Fig. 7A) . In this case, competent B. subtilis transformed poorly (below 5% recombination), maybe as a result of the very little homology that was available for this double crossover. The integration of the cat gene by homologous recombination was confirmed by Southern hybridization. In a PstI digest of wild-type DNA, cspB is located on a 730-bp fragment (Fig. 7B) . In strain GW1, this fragment was enlarged to a fragment of about 2.0 kb containing the cat gene within the cspB gene. Although no change in cell morphology and growth was visible, loss of CspB by interruption of its structural gene affects cell viability at low temperatures ( Table 2) . Analysis of thermotolerance revealed that the mutant strain was more sensitive to freezing (about 2% of cells surviving) that was the parental strain (about 27% of cells surviving). However, after 2 h at 10°C, the sensitivities of the mutant and parental strains to freezing were decreased (about 44 and 96% of cells surviving, respectively). The viability of mutant cells preincubated at 10°C before transfer to -80°C gives evidence for the existence of other proteins that may compensate for the absence of the CspB protein as their survival rate rises up to about 50% of that of wild-type cells.
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Cold shock-dependent induction of cspB-directed P-galactosidase synthesis. To examine the transcriptional regulation of the cspB gene, a cspB promoter-lacZ fusion was constructed by inserting a 474-bp PstI fragment of B. subtilis DNA containing the cspB promoter into the multiple cloning site of plasmid pTKlac. The resulting plasmid, pTKlacPcspB, was used to construct two cspB-lacZ fusion strains.
First, linearized plasmid was used to transform B. subtilis ZB493 to introduce the cspB-lacZ fusion into the thermoinducible B. subtilis prophage SP,I c2 del2::Tn917::pSK10A6 by a double-crossover recombination event. Next, the SP,Bborne fusion was transferred into B. subtilis JH642 by specialized transduction. This procedure resulted in the integration of the cspB-lacZ fusion into the B. subtilis SPp prophage site (strain GW2), as confirmed by Southern hybridization experiments (data not shown). Determination of f-galactosidase synthesis in B. subtilis GW2 grown at 37°C and shifted to 10 or 48°C revealed only very low f-galactosi- dase levels that were in the range of the values determined in a wild-type strain carrying the promoterless lacZ gene. Our failure to measure cspB-directed ,B-galactosidase synthesis in strain GW2 suggests an essential role of other cis-acting elements in the cspB upstream region that were removed by constructing the 474-bp cspB-lacZ fusion in plasmid pTKlacPcCSD B To test this possibility, competent B. subtilis JH642 celFs were transformed with plasmid pTKlac-PcspB, resulting in the integration of this plasmid in the cspB promoter region by a Campbell-like single-crossover recombination event (strain GW3) (Fig. 8A) . In an EcoRI digest of wild-type chromosomal DNA, cspB is located on a 2.4-bp fragment (Fig. 8B) . In strain GW3, the fragment was split into a fragment of about 8.6 kb carrying the cspB-lacZ fusion and a fragment of about 1.7 kb containing the replaced cspB gene. Figure 9 shows the pattern of cspB-directed ,-galactosidase synthesis in strain GW3 (carrying the entire cspB upstream region preceding the lacZ gene) after cold shock (10°C) and heat shock (48°C) as well as at the normal growth temperature (37°C). Within the first 60 to 120 min after a temperature downshift, cspB-lacZ induction is elevated by approximately six-to eightfold over the level at 37°C. The level of cspB-directed ,B-galactosidase reaches two peaks, one about 60 min after the temperature shift and another, even higher one 120 min after the temperature shift. After about 120 min at 10°C the ,-galactosidase synthesis de- creases. On the other hand, a temperature upshift causes a decrease of 13-galactosidase synthesis within the first 30 min after the temperature shift.
DISCUSSION
We cloned, sequenced, and characterized the cold shockinducible cspB gene encoding the B. subtilis cold shock protein CspB. CspB represents the first cold shock protein within the Bacillus species. The gene encodes an acidic protein of 67 amino acid residues with a molecular mass of 7,365 Da. According to secondary structure prediction by the method of Chou and Fasman (2), a large portion of the protein may be in an a-helical conformation. The deduced amino acid sequence shows 61% identity (at least 70% overall similarity) to the major cold shock protein of E. coli. Furthermore, when the nucleotide sequence of cspB (B. subtilis) was compared with that of cspA (E. coli), 60% identity was observed. These results indicate a high level of conservation at the DNA and the amino acid sequence levels. An amino acid sequence alignment of the prokaryotic cold shock proteins from B. subtilis and E. coli with a conserved region of eukaxyotic DNA binding proteins revealed over 40% identity. Since the highly conserved domain among all eukaryotic proteins has been presumed to represent or contain a DNA binding domain for the CCAAT motif, a connection between cold shock and DNA binding has been suggested (39) . Strong support for this idea came from the recent discovery that the major cold shock protein of E. coli is indeed a transcriptional activator. CS7.4 induces the expression of the DNA binding protein H-NS at the level of transcription (20) . However, the exact mechanism by which CS7.4 activates transcription remains unclear. Its transcriptional enhancement was suggested by specific recognition of some feature of the 110-bp CCAAT-containing promoter region of hns. Thus, homology between prokaryotic and eukaryotic transcription factors may indicate a novel structural motif faciliating DNA-protein interactions resulting in gene regulation.
The data obtained from Southern hybridization and sequence analysis suggest the presence of a single copy of the cspB gene in the B. subtilis chromosome. The CspB protein is expressed weakly at optimal growth temperatures, as determined by Northern blot analysis and cspB-lacZ expression. After a temperature shift from 37°C to 100C, the cspB transcript is induced severalfold, whereas cell growth is lowered. In contrast, a temperature upshift from 37°C to 48°C (heat shock) seems to repress the expression of cspB, since no cspB mRNA was detectable in upshift experiments (data not shown). Consistent with these results, the determination of cspB-directed P-galactosidase synthesis shows about six-to eightfold induction with two peaks at 60 and 120 min after the temperature downshift to 10°C. A decrease in P-galactosidase was observed when the cells were shifted to 48°C. This could indicate heat shock repression of cspBdirected ,B-galactosidase synthesis, as also suggested by Northern blot analysis, but could also be simply a result of heat inactivation of ,B-galactosidase activity. The regulation of the B. subtilis cold shock protein is still unclear. The fact that cspB expression is weak during optimal growth conditions might be a consequence of the low conservation of the -10 and -35 regions of the cspB promoter, which show The parental strain is JH642, and the mutant strain is GW1.
b Cell counts of cultures not subjected to freezing temperatures were set at 100%. The numbers within parentheses show the averages of experiments 1 to 3.
three mismatches each when compared with the known consensus sequences recognized by the housekeeping RNA polymerase E0A. On the other hand, stimulated expression of cspB at low temperatures gives evidence for the existence of yet-unknown activating transcription factors that may be newly synthesized or activated at low temperatures. The 474-bp cspB promoter fragment that does not promote ,3-galactosidase synthesis in strain GW2 also suggests the need of regulatory cis-acting elements that may facilitate cold shock induction. Recent studies on the E. coli cspA promoter region gave evidence for a cold shock-specific factor(s) that binds to the promoter region of the structural gene (38) .
To understand the in vivo physiological role of the CspB protein during low temperatures, we constructed in vitro a cspB::cat mutation and replaced the cspB chromosomal copy with this construct. B. subtilis wild-type and GW1 strains (the latter containing the disrupted cspB gene) were subjected to freezing temperatures (-80°C) to examine the effect of CspB on cell viability at low temperatures. 37 'C in 2xYT medium containing S ,ug of chloramphenicol per ml to a cell density of about 0.3 optical density (at 600 nm) unit and then divided into three portions: one was transferred to 10'C (cold shock) (0, *), another was transferred to 48°C (heat shock) (A, A), and the third was kept at 37'C (El, *). Optical densities (0, A, El) and specific ,-galactosidase activities (0, A, *) were determined at the indicated time intervals.
would be consistent with the attractive hypothesis that these cold shock proteins serve as antifreeze proteins (11, 19) .
Antifreeze proteins are low-molecular-weight proteins commonly found at high concentrations in the serum of polar marine fishes (13) and in the hemolymph of insects that winter in subfreezing climates (9) . On the basis of a crystallographic analysis of one representative of the so-called alanine-rich antifreeze proteins from winter flounder, a mechanism of inactivation of ice crystal growth has been proposed (29, 41) . The 36-residue polypeptide appears to consist of a single a-helix with a significant dipole moment to its helical axis. This conformation seems to facilitate interaction with water molecules in the bound ice nucleolus, resulting in retardation of crystal growth. Although B. subtilis and E. coli cold shock proteins share no sequence similarity with these antifreeze proteins, both proteins exhibit large a-helical regions indicating possible homology at the level of function and secondary structure.
